This paper investigates the length of flame extension for an impinging flame underneath the confined ceiling in a channel with longitudinal air flow. Previous works in this field have been primarily concerned with un-confined ceilings and no forced air flow conditions. Under longitudinal air flow conditions, the flame extension beneath the channel ceiling is non-symmetrical, that is, different in the upstream and downstream directions from the fire source. In this study, experiments were carried out with two channeled ceilings with widths of 1.5 m and 0.5 m. Square porous gas burners of different sizes were employed as the fire source, using propane as fuel, with various heat release rates and 
Introduction
When the free flame height of a fire is higher than the ceiling height, the flame impinges upon the ceiling and extends for some distance beneath the ceiling. This impinging flame will result in a very high heat flux to the ceiling and an enhanced radiative flux to the lower parts of the surrounding environment [1] [2] [3] . This high heat flux may have a significant effect on any combustible materials leading to further ignition, and may also cause physical damage to non-combustible materials. So, the flame extension length beneath the ceiling is an important parameter to be quantified and modeled. The behavior of the impinged flame may be divided into two broad scenarios: (i) for an unconfined ceiling where the flame extends radially in an axi-symmetrical manner; or (ii) for a confined ceiling, for example, in a long-narrow structure (such as a corridor, tunnel or duct), where the flame is constrained by the side walls and extends along the ceiling in two opposite directions from the fire source.
For the flame extension length beneath an unconfined ceiling, You and Faeth [1] proposed an empirical correlation, which is widely used in practice:
where is the radial flame extension length beneath ceiling; is the visible flame height (free burning, without the ceiling); is the source-ceiling height; and is the diameter of the fire source. Babrauskas [2] reviewed the problem in 1980s. Gross [3] obtained some data with 0.61 m and 0.91 m diameter burners (104-283 kW). Hasemi and Yokobayashi [4] proposed following formula 
with (3) where is the heat release rate; is the ambient air density; is the ambient air temperature; is specific heat capacity of air at constant pressure; and is the acceleration due to gravity. The data in [4] was further correlated non-dimensionally [5] using source-ceiling height H for normalization rather than source dimension D. Ding and Quintiere [6] also proposed another non-dimensional correlation based on a theoretical analysis to predict the flame extension length beneath the ceiling using source dimension D for normalization:
More recently, Zhang et al. [7, 8] proposed correlations of flame extension lengths beneath an un-confined ceiling induced by round jet fires, as well as beneath an un-confined inclined ceiling by rectangular-source fires.
For the flame extension behavior beneath a confined ceiling (for example in a corridor), the studies are somewhat limited. Hinkley [9, 10] measured the heat flux to the ceiling due to flame impingement in a 1.2 m wide corridor with a gas burner located at the end of the corridor, for a range of heat release rates (170-600 kW) and the burner at various distances (0.37-1.20 m) below the ceiling.
Following formula was proposed [9, 10] to predict the flame length beneath the corridor ceiling for above scenario:
where is the flame extension length; is the flow rate of fuel per unit width of corridor; and d is the thickness of hot gas layer beneath the corridor ceiling.
It should be noted that limited research has been carried out on the flame extension behavior in a long-narrow structure with an imposed air flow. These situations commonly exist in the real world, for example in a transportation tunnel where longitudinal forced ventilation is usually employed for pollution or smoke control [e.g., [11] [12] [13] [14] [15] [16] . Even in corridors inside buildings, longitudinal flows may exist. For example, a smoke extraction system installed in the ceiling at one end of a corridor may induce such longitudinal air flow along the corridor, through an opening (window) at the other end.
With such air flow, the flame extension length beneath the confined ceiling in a channel or corridor will be unsymmetrical, that is, different in the upstream and the downstream directions from the fire source.
However, this asymmetry has not been well quantified to date. Recently, Ingason and Li [17] [18] [19] [20] studied the flame length in longitudinally ventilated tunnels. In those works, flame extension lengths are defined as the distance between the flame tip and the center of the fire source. For fires with flames not reaching the ceiling at relatively higher longitudinal ventilation, the horizontal lengths of the inclined flames are estimated and used as the downstream flame lengths. The normalized flame lengths by the tunnel height, , were correlated against a non-dimensional heat release rate defined as ,where is the flame length, is the tunnel height, is the heat release rate, the source-ceiling height, is the ambient air density, is the specific heat of air at constant pressure, is the ambient air temperature and is the cross-sectional area of the tunnel. In [18] , the major finding and conclusion is that the flame length (downstream in [18] ) is un-affected by the longitudinal ventilation velocity. It is noted that in these works, the data investigated is from relatively [23] ), that the longitudinal ventilation is relatively weak and its effect on the flame length might be not obvious.
This paper presents comprehensive experiments which were carried out in a channel with two different channeled ceiling widths to measure the flame extension lengths beneath the confined ceiling, both upstream and downstream, as well as the total flame extension length. This was tested with longitudinal air flows, for various heat release rates, channel widths and source-ceiling heights.
Relatively small fires were employed, for which the flame extension length is very sensitive to the longitudinal ventilation velocity. The design of these scenarios is to highlight the effect of longitudinal ventilation on the flame extension length beneath the ceiling in tunnel fires. The data is analyzed using a different methodology, which is performed based on the physics of the unburnt fuel distribution upstream and downstream, as well as considering air entrainment of the ceiling flow which further consumes the unburnt fuel along the ceiling. According to the analysis, non-dimensional correlations are proposed for the flame extension lengths (upstream and downstream as well as their total length). Figure 1 shows the experimental setup. Experiments were carried out in a 72 m long channel [24] with two different channeled ceiling widths (0.5 m and 1.5 m respectively, as shown in Fig. 1b) . The longitudinal air flow through the channel was generated by a mechanical fan and screened at one end of the channel [25] . The ceiling of the channel is lined with mica board (2 cm thickness) with low thermal conductivity of 0.035 W/(m·K) and good thermal resistance performance. The side walls of the channel are constructed of fire-proof glass in order to record the flame position, using a CCD video camera. The flame extension length beneath the channel ceiling was recorded using a side-view CCD (Charge-Coupled Device) camera of sensor size 8.5 mm, with 3,000,000 pixels, at film speed of 25 frames per second. Quantification of the flame length was achieved using a visual scale with resolution of 0.1 m, attached to the channel side wall. A typical view of the flame extension phenomenon is shown in Fig. 2 (a) . As similar to freely burning buoyant flames, the horizontally extending flame beneath the ceiling also exhibits considerable fluctuations. To account for these, time series flame videos have been decompressed into frames (60 s, 1500 frames). In order to get the flame extension length, each image frame has been firstly converted to a gray scale image as shown in Fig. 2(b) , and then to a binary image as shown in Fig. 2(c) , based on the thresholds obtained objectively using the Otsu method [24] [25] [26] . Then, the binary images were averaged to get the flame intermittency contour as shown in Fig. 2(d) , based on which the mean flame extension lengths were obtained at 50% intermittency. A typical image processing and comparison of flame lengths based on flame tip with the ones based on 50 % intermittency is shown in Fig. 2 (1) The flame extension length increases with increasing heat release rate, but decreases with increasing source-ceiling height or burner size (the decrease with increasing burner size is more remarkable as the source-ceiling height is larger or with a higher longitudinal air flow speed) for all conditions. The flame extension length is larger when the channel width is narrower. 
Experimental

source-ceiling height H=45cm
Longitudianl ventilation velocity 
Source-ceiling height H=45cm
Longitudianl ventilation velocity
Correlation of flame extension length with no longitudinal air flow
In order to consume the unburnt fuel after impingement, the heat of combustion of the air entrained into the ceiling flow should be proportional to the heat of combustion of the unburnt fuel: (6) In Eq. (6), the Right Hand Side (RHS) of the formula is the portion of the heat released of un-burnt fuel after impingement on the ceiling (assuming the heat is released uniformly along the length of the flame, i.e. as similarly treated by You and Faeth [1] as indicated in Eq. 1), where is the total HRR, is the free flame height with no airflow, whose values were estimated by the well-known formula proposed by Heskestad [27] which is widely used in practice:
and the estimated values of for the present experiments were summarized in Table 1 , H is source-ceiling height, and is the ratio of un-burnt fuel; the Left Hand Side (LHS) of the formula is the heat released counted by the air entrained into the ceiling flow, where is the heat of combustion for air, that is, the heat released per kg of air consumed, with a value of 3013 kJ/kg. W is the channel width, is flame extension length along the channel ceiling with no air flow, is the volumetric fuel flow rate, and is the characteristic air entrainment velocity into the ceiling flow after impingement. is assumed to be proportional to the buoyancy-accelerated upward velocity of the flame immediately before the impingement, which is:
where is the density difference between flame( ) and ambient air( ), is the ambient air density, is the density of the flame (0.32 kg/m 3 ; assuming a flame temperature of 1100 K) and g is ,0~f 
Thus, the flame extension length beneath channeled ceiling with no air flow ( ) can be expressed as:
or non-dimensionally:
Here, the new non-dimensional heat release rate is defined as:
(11) Figure 7 shows that the measured flame extension lengths with no air flow fit well to the proposed model (Eq. 11), using a proportionality constant of 10.20, which gives:
Fig. 7 Non-dimensional correlation of flame extension length beneath channel ceiling with no longitudinal air flow
The data obtained and the correlation was found be much less than those reported in Hinkley's work [9, 10] . However, it should be noted that Hinkley's experimental condition is fundamentally different:
(1) Hinkley's experiments were carried out in a model representing a corridor with a fire source at the (closed) rear end of the corridor. It is expected that this configuration would result in a stronger confinement of air entrainment, that is, the rate of entrainment of air will be much less than if the fire source is positioned in the middle of the ceiling (as in the present work), which would result in more un-burnt fuel remaining after impingement and then require more air entrainment to consume the un-burnt fuel, leading to a relatively longer flame extension length in Hinkley's work. , whose values are calculated to range from 2.24 to 2.55 m/s (given in Table 2 ), which are comparable to .). Hence, the distribution of un-burnt fuel is proposed to be for the upstream, and to be for the downstream respectively; or namely can be deemed as the effective impinged flow speed to compare with the longitudinal air flow speed (ua). Note that when the longitudinal air flow speed is high enough, the upstream flame extension will be eliminated by the air flow; this scenario is not considered in the current study. In a manner similar to Eq. (6), considering the distribution of unburnt fuel for the upstream and 
where is taken as a constant (800 K).
Substituting Eq. (8) The above requires that (17) According to the experimental conditions in Table 2 
Now, based on Eqs. (20a) and (20b) describing the flame extension lengths of upstream and downstream, respectively, the total flame extension length ( ) can be obtained by:
By noting that , the above formula can be further simplified as, 
Thomas [29] , Rew and Deaves [30] for which the flame length would appear to be infinite if the wind speed was zero.
Conclusions
This paper investigates flame extension lengths (upstream, downstream, as well as their total length) beneath a confined ceiling for a fire in a channel, with longitudinal air flows, for various heat release rates, burner sizes, channel widths and source-ceiling heights. The major findings include:
( downstream. The proposed formula has been shown to represent the measured data well (Fig. 10) .
In the present work, the test fire sizes as well as the longitudinal ventilation airflow speed are carefully controlled at relatively small values to adequately resolve the physics about the effect of longitudinal ventilation airflow on the un-burnt fuel distribution and air entrainment, hence the flame extension length beneath the ceiling both upstream and downstream. Additional larger scale tests, carried out in the future, will be helpful to validate the above correlations. 
